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We consider a network of topological defects which can partly decay into neutrinos, photons,
baryons, or Cold Dark Matter. We find that the degree-scale amplitude of the cosmic microwave
background (CMB) anisotropies as well as the shape of the matter power spectrum can be con-
siderably modified when such a decay is taken into account. We conclude that present predictions
concerning structure formation by defects might be unreliable.
I. INTRODUCTION
Two challenging paradigms to explain structure for-
mation in the Universe are currently developped, namely
cosmological inflation [1] and topological defects [2]. On
the one hand, inflation is a simple theory, based on the
linear evolution of acausal and coherent initial pertur-
bations produced during an accelerated phase of expan-
sion of the early Universe. Several public codes are
available, notably CMBFAST [3], to compute the CMB
anisotropies of a given model in few minutes, and these
predictions are robust. On the other hand, topologi-
cal defects, which are supposed to have formed after a
cosmological phase transition in the early Universe, are
much more dicult to handle, because of the highly non-
linear structure of their dynamics, and the rst detailed
predictions of some defect models have been published
only recently. In particular, Turok, then Pen, Seljak and
Turok [4] have considered global defects. Battye, Al-
brecht and Robinson [5] have studied a network of line-
like segments with given correlation length and velocity
distribution, as well as Pogosian and Vachaspati [6] who
considered wiggly strings. Allen, Shellard and collabora-
tors [7], and Contaldi, Hindmarsh and Magueijo [8] have
considered local cosmic strings. Durrer and collabora-
tors [9] considered global defects and the large N limit.
Several ground experiments [10{12] have by now
probed the degree-scale anisotropy of the microwave sky
(see also [13] for an up-to-date compilation of the cur-
rent results). They seem to indicate the presence of a
high peak in the spectrum. Now, in contradiction with
these observations, topological defect models do not pro-
duce generically much more power on the degree scale
than on the largest scales observed by the COBE satel-
lite [14]. The reason is that, although the defects evolve
according to causal processes, thus producing power on
small angular scales on the last scattering surface, one
must also take into account their gravitational interac-
tion with the photons after last scattering. This so-called
Integrated Sachs-Wolfe eect (see e.g. [15]), known to be
negligible in most inflationary scenarios, greatly increases
in the case of defects the power on large angular scales,
thus contradicting the present observations. Moreover, in
most defect theories, the situation is also worsened by the
fact that scalar, vector and tensor modes all contribute
signicantly to the overall CMB anisotropies, whereas
only the scalar contribution is expected to produce more
power on small angular scales than on larger ones.
It must however be stressed that, in all the numerical
defect models already mentionned, an important phys-
ical eect, to wit their decay into gravitational radia-
tion and/or elementary particles, has been considered in
most cases in a phenomenological way only (if at all, see
e.g. [16]). Turok et al. and Durrer et al. have imposed
and checked that their global defect stress-energy tensor
is conserved. In cosmic strings numerical simulations one
has to deal with the problem of loop production and evo-
lution, which has been treated in various ways. Turok et
al. have introduced an extra radiation fluid into which
their cosmic string loops are supposed to decay, Battye et
al. have introduced an extra fluid with given constraints
on its stress-energy tensor, and Magueijo et al., whose
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stress-energy tensor is not conserved due to the fact that
the smallest loops are extracted out of the simulation,
\dump" the string energy losses into either extra-fluids
with no anisotropic stress and various equations of state,
or in one or the other of the existing background fluids,
that is the baryons, photons, neutrinos or CDM. Finally,
Shellard et al. treat the loops as relativistic point masses.
The aim of this paper is rst to show that the mi-
crophysics of defects imposes that energy be released in
the cosmic fluids and that the predictions concerning the
CMB anisotropies change drastically when even a small
fraction of the network energy is released directly in the
form of photons or baryons, and, to a lesser extent, neu-
trinos. As for the matter power spectrum, we will see
that it is greatly aected if the network energy is released
into photons, neutrinos, or baryons. Similar conclusions
have already been reached in the context of a particular
model by Contaldi et al.. We show here that they are
not restricted to this specic model but hold for a very
large class of defects and decay processes.
We shall rst discuss the microphysics behind such ef-
fects, then show how one can generically take them into
account, and nally present some results.
II. THE DECAY PRODUCTS OF REALISTIC
STRING MODELS
Topological defects fall in various classes [2].
Uncharged Goto-Nambu strings form loops which are
usually supposed to decay dominantly into gravitational
radiation [17,18], thus guaranteeing the scaling behaviour
of the network (that is the fact that the ratio of the
energy density contained in the network with the total
energy density is constant in time). This extra gravita-
tional radiation added to the background is observation-
ally constrained by e.g. the millisecond pulsar timing
measurements [19].
Uncharged global strings, when seen from a distance,
appear very much like local ones, but with an energy
per unit length renormalized to include long-range inter-
action eects [20]. The overall global string network is
therefore expected to behave much like a Goto-Nambu
network, except for the small loops [21]. The main dif-
ference between a local and a global string loop is that
while the former is supposed to radiate mostly in grav-
itational waves, the latter looses energy mainly through
massless Goldstone boson radiation, a process known to
be far more ecient [21]. This new extra component
added to the background is only constrained by nucle-
osynthesis [22].
The last potentially interesting class of strings in the
context considered here is that of Grand-Unied (GUT)
superconducting cosmic strings [23] (only GUT strings
can be relevant in large scale structure formation and
CMB fluctuations). Again, their network evolution is al-
most the same as that of Goto-Nambu strings because
most of the evolution takes place when the currents flow-
ing along the strings are negligible [24]. This is however
true only for innite strings or for those having very large
radius of curvature.
When a superconducting loop decays, its energy can
be very eciently released in the background directly in
the form of electromagnetic radiation [25]. The elec-
tromagnetic radiation cannot propagate because of the
surrounding plasma, the influence of which cannot be
neglected. The waves form shells where energy is con-
centrated. These shells are the basis for the explosive
Ostriker, Thompson and Witten large scale structure
formation model [26] and yield a distorsion in the mi-
crowave background by modifying its spectrum, implying
non zero values for the parameters  and y. This very
stringent constraint, together with e.g. nucleosynthesis
constraints [27] almost rules the scenario out, leaving as
the only possibility that the radiation can only be emitted
at much higher frequencies (to allow propagation in the
plasma). This requires that the strings can be considered
current-free until they have shrunk to a suciently small
size, the wavelength of the radiation being proportional
to the emitting loop radius. As a result, one can consider
the network evolution as, again, that of a Goto-Nambu
network with the dierence that part of the energy con-
tained in the loops can now be transferred directly into
the photon fluid.
When such a loop shrinks however, the integrated cur-
rent being conserved, the energy it contains per unit
length increases and its eects become more and more
important on the string dynamics. The resulting loop
distribution can accumulate to stationary states known
as vortons [28]. This overproduction of vortons breaks
the scaling behaviour of the network, thus leading to
such a cosmological catastrophe that one must assume
that the vortons are suciently unstable to decay in less
than one Hubble time.
The new phenomenon one therefore needs to consider
is the fate of the small charged loops. As discussed above,
they can decay into gravitational radiation, or directly
into photons. The third, largely overlooked possibility
when it comes to compute CMB anisotropies or matter
power spectrum, is that they might decay into their con-
stituents [29], namely massive Higgs and gauge bosons
(Goldstone modes are now being neglected), collectively
referred to as \X"-particles. As these particles have
masses comparable to the grand unication scale, their
decay products can only be estimated by the relevant
QCD extrapolations at high energy [30]. The standard
scenario is that the primary X particle will decay into
a lepton (usually an electron) and a quark which subse-
quently initiate a hadronic shower. Once the shower has
evolved, one ends up with roughly 3% nucleons [30], and
the rest in s, which, because of their decays or inter-
actions with other background fluids, turn into neutri-
nos, photons and electrons. These interactions have even
been used to try and explain the ultra high energy cosmic
ray [31] enigma by means of topological defects [32]. Note
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that this picture does not take into account the possibil-
ity that part of the decay product be a stable particle,
i.e. a constituent of the dark matter. The Lightest Super
Particle is a possible candidate, for instance if the strings
were formed during a supersymmetric phase.
This analysis of small superconducting loops has led
us to conclude that they mostly decay (hence ensuring
that their network scales) directly into the constituents
of the universe rather than into extra-fluids such as grav-
itational radiation or massless Goldstone bosons.
In fact one can also argue that non superconductiong
strings, because they intercommute, can also partly de-
cay into photons, baryons, neutrinos or dark matter, and
not only into gravitational radiation or Goldstone bosons.
Even global defects can also decay [2] : when the gradi-
ents are strong enough high energy particles and grav-
itational radiation are produced. One expects however
that the energy losses in the form of background fluids
be far more ecient for superconducting, rather than un-
charged, defects.
III. A TWO-PARAMETERS DECAY MODEL
When one solves the classical (Goto-Nambu) equa-
tions of motion for the string network in a Friedmann-
Robertson-Walker (FRW) background, completed by a
set of rules which xes the intercommutation of long
strings into loops, in the sti approximation [33] frame-
work (in which the defect network energy is a rst or-
der perturbation to the FRW background), and if no ex-
tra physics is added to the problem, the corresponding
stress-energy tensor of the strings must be covariantly
conserved. If it is not, that only means that the numer-
ical integration is not precise enough. The same holds
true for global defects.
Now, as we have seen in section II, extra physics must
be added. Indeed intercommutation leads to the forma-
tion of more and more small loops per Hubble volume
which would prevent scaling to take place and soon dom-
inate the evolution of the universe, were they not elimi-
nated by turning into gravitational radiation and/or vari-
ous elementary particles. The string stress-energy tensor
cannot then be conserved. This is particularly clear in
numerical simulations when loops smaller than a given
size are phenomenologically extracted by hand from the
network (as in e.g. [8]).
In the semi-analytic approach we use here (see be-
low), we model active seeds by a stress-energy tensor
Sµν which, from the start, embodies the scaling prop-
erties of the network : rst, deep in the radiation-








depend on (~x−~x0)= only,
second they vanish at small scales ( is conformal time
and xi are comoving coordinates). Therefore this eec-
tive stress-energy tensor describes in fact, not only the
defects themselves but also their decay products, as long
as these decay products are themselves \seeds", that is
an active perturbation added to the background fluids.
Now among the possible decay products described in sec-
tion II, only the gravitational and Goldstone radiations
enter in that category. Hence, if the defects were scaling
only via the production of this \extra" radiation, the ef-
fective stress-energy tensor we use, being the sum of the
stress-energy tensor of the defects and that of the extra
radiation they produce, would be conserved. In contrast,
in numerical simulations where the defect stress-energy
tensor is not conserved, such decay products must be
treated as an extra fluid with given equation of state.
However, as we have seen, in the case of supercon-
ducting strings at least, loops decay mainly through the
emission of high energy particles which soon turn into
(mostly) neutrinos and photons, which must be added to
those already existing in the background. Therefore we
shall describe the defects by an eective stress energy-
tensor which will not be conserved in order to take into
account the decay of the loops into high energy parti-
cles, and we shall dump the string energy losses not in
an extra component but into the background fluids.
In the semi-analytic approach initiated by Durrer
and collaborators [9], the defect network and the extra
\seeds" they decay into are modelled by a stress-energy
tensor Sµν which acts as a source to the linearized Ein-
stein equations and induces inhomogeneities in the cos-
mic fluids. The ten components of this stress-energy ten-
sor are then drastically constrained by a number of phys-
ical requirements [34{36], which take into account that
the seeds :
1. are statistically homogeneous and isotropic,
2. are created at a phase transition in an up to
then perfectly homogeneous and isotropic universe
(hence obeys specic causality [34] and matching
[35] conditions),
3. evolve deep in the radiation era and deep in the
matter era in a way which is statistically indepen-
dent of time (scaling requirement [36]).
One can now suppose that the defect network is made
of long strings of comoving curvature radius RL > 1=H
(H is the comoving Hubble parameter), which eventu-
ally interconnect so as to form loops. When they become
too small these loops decay at a certain rate (depending
on the details of the decay processes). The loss of en-
ergy of the stress-energy tensor can therefore, in a rough





F^ ν = −xHHY (k − xkH)^0νS ; (2)
where a hat denotes a Fourier transform, Y is the Heavy-
side function, k / 1=RL is the comoving wavenumber,
xH is a free parameter which determines the decay rate
of the loops into the decay products, and xkH is the scale
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above which the loops begin to decay. This F^ ν is then
injected into the other fluids perturbation equations so as
to ensure that the total stress-energy tensor is conserved.
This energy can be injected either into one fluid, or into
several with xed branching ratios xf ’s :
DµT
µν
f = −xfF ν ; (3)X
f
xf = 1: (4)
These branching ratios are in principle calculable when
the decay microphysics is explicited.
The stress-energy tensor of the seeds can then be de-
composed as a sum of \coherent eigenmodes" [4]. Each
coherent eigenmode turns out to depend only on four
free functions, two describing its scalar part and two de-
scribing respectively its vectorial and tensorial parts (see
e.g. [36]).
We choose simple ansa¨tze for those four functions
(their precise shape can in principle be obtained by
numerical simulations) and solve the well-known (see
e.g. [35{37]) linearised Einstein equations which couple
the defect network to the cosmic fluid inhomogeneities.
The equations for the coherent defects and the rest of the
perturbations, including polarisation are calculated us-
ing a Boltzmann code developped by one of us (A.R., see
e.g. [38] or [39] for the detailed equations), with standard
cosmological parameters (flat Universe without cosmo-
logical constant, baryons density and Hubble parameter
such that Ωb = 0:05, h = 0:5, three massless neutrinos
and standard recombination). Finally we compute nu-
merically the CMB anisotropies and the matter power
spectrum those inhomogeneities produce. Before the last
scattering surface, the energy we inject into photons goes
directly into the CMB (assuming it has time to ther-
malize, see x IVC below), while after the last scatter-
ing surface, the energy injection influences the tempra-




Dumping energy into CDM has negligible eect on the
CMB anisotropies spectrum. Dumping energy into neu-
trinos has a relatively small influence on the spectrum,
which is modied by a few tens of percent. This can ei-
ther increase or decrease the amplitude of the spectrum,
depending on the model considered. On the contrary,
the spectrum is tremendously aected by injecting en-
ergy into either photons or baryons, although the eect
is much stronger when one injects energy directly into
photons, which can boost the degree-scale amplitude of
the spectrum by a factor as large as 50.
The precise amplitude of the boost depends also on the
underlying defect model, but all those we have checked
present the same qualitative features.
A simple interpretation of these results is that en-
ergy, when injected into either neutrinos or CDM, in-
fluences the photons perturbations only through grav-
ity, so that the influence of this energy injection on the
CMB anisotropies is small. On the opposite, by dump-
ing energy into baryons or photons, one directly aects
the evolution of the perturbed photons density and/or
velocity since photons and baryons are strongly coupled
through Thomson diusion before recombination. The
angular scale at which this eect is strongest is given by
the angular size of the \decay scale" (i.e. the Hubble ra-
dius when xk = 1) at the last scattering surface, that is
 ’ 1 deg.
For example in Fig. 1, we consider the scalar contribu-
tion to the CMB anisotropies of a simple specic coherent
model where we have chosen the equal time correlators
for the pressure and the anisotropic stress in such a way
that they respect the standard causality and scaling re-
quirements. We have also chosen the relative amplitudes
of the correlators so that, when the stress-energy tensor
is conserved, we \mimic" the situation of more realis-
tic incoherent numerical defect models (i.e. the CMB
anisotropies spectrum lacks power on the degree-scale
with respect to observations; the coherent model pre-
sented here exhibits acoustic oscillations which are ex-
pected to be smoothed out by decoherence). The two
parameters of the decay model, xk and xH have been cho-
sen equal to 1. We have also studied many other models
such as the \pressure model" [40], which all yield similar
qualitative results. In all what follows, the CMB data
points are taken from from [13] and the matter power
spectrum data points are those of the APM catalog [42]
























FIG. 1. CMB anisotropies in a simple model where the de-
fect stress-energy tensor is not conserved, with xk = xH = 1.
The solid line represents the case with conserved stress-energy
tensor, as well as the case where one dumps energy into CDM,
which are almost identical. The short-dashed and long-dashed
lines represent the case where one dumps energy into neutri-
nos and baryons respectively. The highest (dotted) line rep-
resents the case where energy is injected into photons. The
dot-dashed line (which fits the data points best) shows that by
tuning by hand the branching ratios (here, 50% of the energy
released into photons and 50% into neutrinos) it is possible
to be in much better agreement with the data points. Note
that the precise value of the best-fit branching ratios depend
on the model one considers.
In Figs. 2 we study the influence of the parameters xk
and xH for the model of Fig. 1 where energy is equally
released into photons or neutrinos. By increasing xk, one
injects energy at smaller wavelengths, therefore the spec-
trum is enhanced on bigger angular scales (the bump is
shifted to the right). On the contrary, by increasing xH,
energy is transfered more rapidly into the background flu-
ids, and therefore at larger wavelengths. The spectrum
is thus enhanced on smaller angular scales (the bump is













































FIG. 2. Same model as in Fig. 1, with 50% of the energy
relased into photons and another 50% into neutrinos, but with
varying parameters xk (top) and xH (bottom) from 1 to 5.
The case xH = xk = 1 correspond to the long-dashed curve
on both figures. The fact the the amplitude of the bump
varies with xk or xH is simply due to the fact that it follows
the structure of the acoustic peaks. The solid line represents
as in Fig. 1 the case where the seed stress-energy tensor is
conserved.
B. Matter power spectrum
Dumping energy into CDM has also negligible eect on
the (baryonic) matter power spectrum. On the contrary,
the spectrum is strongly aected by injecting energy into
either photons or neutrinos. It has the consequence of
reducing the excess of energy on small scales, because
of the free streaming of these relativistic particles (see
e.g. [41]). Finally, injecting energy into baryons gives
an intermediate result. Fig. 3 summarizes these results

















FIG. 3. Matter power spectrum in the same model as in
Fig. 1. The solid line represents the case where the seed
stress-energy tensor is conserved. Dumping energy into neu-
trinos (short-dashed line) or photons (dotted line) has al-
most the same effect, whereas dumping energy into CDM
(solid line) has again negligible effect. Dumping energy into
baryons (long-dashed line) boosts the spectrum on larger
scales, whereas it damps it on smaller scales. Note that
the sharp bump around k = 10−3 hMpc−1 shows the scale
at which one injects energy (here, the Hubble radius since
xk = 1).
C. Observational constraints
In all these numerical analysis, we have assumed that
the radiation emitted by the high energy decay prod-
uct is immediately thermalized as soon as it is produced.
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However this is only an approximation. Three unwanted
eects can be caused by this radiation.
First, the radiation emitted before the last scattering
surface may not have had the time to thermalize, thus
leading to a distortion of the CMB black-body spectrum;
this would be the case if too much energy is injected
between z ’ 106 and z ’ 103. However we inject a small
amount of energy compared to that already contained
in the CMB (roughly 10−6 per Hubble time since one is
in the radiation-dominated era), so that (considering the
current observational bounds on the  and y parameters)
one can assume it had time to thermalize.
Second, the radiation emitted after the last scatter-
ing surface will not be thermalized, and therefore could
produce an important γ-ray background.
Third, the high-energy particles could photo-dissociate
the 4He nuclei, thus producing lighter nuclei such as 3He
and D, which in turn can produce too much 6Li [44].
These three eects are already constrained by the ob-
servations of the CMB spectrum, the diuse γ-ray back-
ground and the light elements abundances, but our sce-
nario still seems to be tenable, as shown on Fig. 4
(from [27]). In the opposite case, this would disproof
most scenario of structure formation seeded by topologi-
cal defects which dominantly decay into photons.
FIG. 4. Maximal energy release in units of the CMB en-
ergy density allowed by the constraints from the observed
γ−ray background at 5GeV (dotted curve), CMB distortions
(dashed curve), and 4He photo-disintegration as a function of
redshift z. These bounds apply for instantaneous energy re-
lease at the specified redshift epoch. The lowest (dot-dashed)
curve shows the energy release in our model assuming that
’10% of the energy is released into photons. Note that the
strongest constraint arises from the diffuse γ-ray background.
V. CONCLUSION
We have included some microphysics, up-to-now
largely overlooked, in the description of topological de-
fects. This microphysics deals with the decay of defects,
and notably superconducting cosmic strings, into back-
ground fluids, rather than gravitational radiation as usu-
ally assumed. This decay has important observational
consequences, which may (depending, of course, on the
exact interaction one considers) put the defect models in
a better position when confronted to the current obser-
vational data.
One could of course argue that the simple model we
have considered here (coherent seeds, crude interaction
term) is too naive, however our purpose was mainly to
illustrate the consequences of this idea rather than to
study a more specic realistic model, which we keep for
later work. Since the main consequences of dumping en-
ergy into the background fluids do not seem to depend
too much on the details of the equal time correlators we
have considered, but rather on the details of the interac-
tions, we strongly advocate for a more careful study of
the branching ratios.
Let us recall that even in inflationary models the in-
clusion of microphysics and interaction between fluids is
absolutely crucial in order to make accurate predictions.
For example, if one neglects these by not solving the exact
Boltzmann equation for the photons and/or the neutri-
nos, or by not solving the accurate kinetic recombination
equations, one nds an large excess of power at small
angular scales (see e.g. Fig. 4 of [15]).
It is therefore clear that predictions of topological de-
fect models concerning structure formation not only re-
quire today’s state-of-the-art heavy detailed numerical
simulations, but also a rigorous description of their non
gravitational interactions before reliable conclusions can
be drawn.
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